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Abstract 
The cryogenic detectors in the form of bolometers are presently used for different applications, in particular for 
very rare or hypothetical events associated with new forms of matter, specifically related to searches for Dark 
Matter. In the detection of particles with a semiconductor as target and detector, usually two signals are 
measured: ionization and heat. The amplification of the thermal signal is obtained with the prescriptions from the 
Luke–Neganov effect. The energy deposited in the semiconductor lattice as stable defects in the form of Frenkel 
pairs at cryogenic temperatures, following the interaction of a dark matter particle, is evaluated and consequences 
for measured quantities are discussed. This contribution is included in the energy balance of the Luke effect. 
Applying the present model to germanium and silicon, we found that for the same incident weakly interacting 
massive particle the energy deposited in defects in germanium is about twice the value for silicon. 
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1. Introduction 
In the last decades, great developments in low temperature detectors in the form of bolometers, in the 
technologies of semiconductors, superconductors or scintillator crystals were obtained. These cryogenic 
detectors are able to detect radiations and particles with a threshold in the range of eV. 
If the pioneering idea of the bolometric detectors goes back to 1935, year when Simon suggested an 
“Application of Low Temperature Calorimetry to Radioactive Measurements” [1], the modern 
applications started after the ’70. Nowadays, there are a lot of reviews in this thematic; see for example 
those of Gaitskell [2] and Sarazin [3]. Bolometric detectors are used in different applications in 
experimental physics, e.g. in searches for neutrinoless double beta decay and neutrino mass - for 
example the experiments CUORE & Cuoricino, for total energy measurements of free electron lasers [4] 
to measure the cosmological microwave background [5] constituents of the dark matter, etc. 
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There is clear evidence that a large part of the dark matter in the Universe is non-baryonic, non-
luminous and non-relativistic and the search for it has become a very active research area in the last 
decades. Hypothetical Weakly Interacting Massive Particles (WIMPs) are proposed as possible particle 
candidates that satisfy all of the above criteria. Thus, their direct detection using the experimental 
information of low-energy nuclear recoils originating from WIMPs interactions is one of the detection 
methods usually used in bolometric detectors. 
If in the first generation of these experiments only the heat deposited in detectors as phonons was used 
in the detection, in more recent experiments phonons and ionization (or light from scintillation signals) 
are measured simultaneously, trying to discriminate both between electron - nucleon/nuclei recoils and 
also between different sources of the phenomena: ordinary matter or constituents of the dark matter. 
As detector materials, silicon and germanium or scintillator crystals (Al2O3:Ti or CaWO4 , CaMoO4 etc.) 
are used.  
One of the effects produced by the slowing down of particles in crystalline semiconductors is defect 
production, which is a phenomenon present at all temperatures. Defect formation after electron and 
gamma irradiation at temperatures around and lower than liquid He was studied in InP, Si, Ge, and SiC 
since 1995 [6 – 8]. 
In this paper we discuss the effects introduced in the energy balance by the formation of long time 
stable defects in materials for bolometers and possible consequences for the identification of the 
particles. In the next section, general aspects related to defect formation in the process of slowing down 
of selfrecoils in silicon and germanium are reviewed, with emphasis on the existing experimental data 
related to defect formation following cryogenic irradiation. The energy stored in Frenkel pairs is 
calculated, and the formulae relating it to the measured quantities in heat and ionization detectors are 
derived. Concrete applications related to direct WIMPs searches with these detectors are discussed, 
underlying the influence of the energy stored in defects.  
 
 
2. Defects at cryogenic temperatures and energetic aspects 
2.1 Energy balance in heat and ionization cryogenic detectors 
After the primary interaction of an incoming particle in the semiconductor, a selfrecoil of energy E is left. 
It loses energy in both electronic and nuclear collisions.  
Let  E  be the energy deposited in the semiconductor in the form of atomic collisions, and  E  the 
total energy given to the electronic system, both calculated using Lindhard’s theory [9]. Part of the 
energy  E  is stored in lattice defects (ED), the other part being given to the lattice in the form of 
excitations (phonons).  
If the energy of the recoil is lower than the threshold energy for displacements, this energy is 
transferred directly to the phonon system. On the other hand, if the energy imparted by the projectile in 
the primary interaction is high enough, the recoil creates a displacement cascade, composed of equal 
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numbers of vacancies and interstitials, which could also be in the form of Frenkel pairs (FP). Mobile 
vacancies and interstitials could annihilate.  
The number of FPs produced by a recoil depends also on the threshold energy for displacements in the 
lattice, which in its turn contains, besides the formation energy of a FP, a quantity which goes to the 
lattice, consisting mostly in a bond-bending component [10], due to the fact that defect formation is a 
complex multi-body collision process (a small collision cascade) where the atom that receives energy can 
also bounce back, or kick another atom back to its lattice site. 
Defect production following low temperature (~ 4K) electron and gamma irradiation was mainly studied 
by X ray diffraction methods, using measurements of the change of the lattice parameter and the diffuse 
scattering of X rays close to different Bragg reflections [11] and by positron annihilation spectroscopy 
[12]. This way, it was demonstrated that FPs are produced by irradiation at 4 K, and are frozen in both in 
Si [7, 13, 14] and in Ge [15], at least up to 10 K.  
It was shown experimentally that in Si the introduction rates of FPs are independent on the doping type 
and level and on the growth technique. At temperatures higher than 10 K, they dissociate and/or 
recombine in more annealing stages, probably related to the distance between the constituents 
(vacancy and interstitial). FPs were found to be the main primary defects introduced by irradiation at 
cryogenic temperature also in Ge, and are also stable at least up to 10 K, after this temperature their 
behavior in n and p-type material being different.  
Another type of primary defect, both in silicon and in germanium, is the four-folded coordinated defect 
(FFCD) [16 – 19]. The vacancy and the interstitial destroy the fourfold coordination of the lattice and 
relatively high defect formation energy for these defects is the consequence. For both silicon and 
germanium the defect formation energy is in the order of 3 to 6 eV [17, 20, 21]. The formation energy of 
FP is less than the sum of an isolated vacancy and interstitial [16]. In contrast to all these point defects, 
in the FFCD only two bonds are broken, the formation energy is lower in respect to previously 
mentioned defects, and the bond length and angles do not significantly deviate from their bulk values.  
For the case of interest here, of sub-Kelvin conditions, because FFCDs were not clearly confirmed 
experimentally, we consider that only FPs are formed, and that they do not anneal out in the 
temperature range where detectors are working. The energy of formation of FPs was calculated in 
literature using density functional theory both in Si and Ge, as a function of the Fermi level position. 
Both local density approximation (LDA) and generalized gradient approximation (GGA) were used. The 
results reported in the literature are summarized in Table 1. For Si, the results are spread in the interval 
4.26 – 7.44 eV [16, 22, 23], being dependent on the doping type and on the potential parameters. Less 
calculations were performed for Ge [24], and lower values were found, 4.2 – 4.9 eV. 
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Table 1 Energies of formation of FPs in Si and Ge, 
calculated using density functional theory 
Formation 
energy [eV] 
Ref. Obs. 
Silicon 
5.62 16  Close FPs, p-type Si, GGA method 
4.32 16 Close FPs, intrinsic Si, GGA 
4.26 16 Close FPs, intrinsic Si, LDA 
5.77 16 Close FPs, n-type Si, GGA 
7.39 22 Distant FPs, intrinsic Si 
7.44 22 Distant FPs, n-type Si 
6.8 23 Close FPs, distance 4.7 A between constituents, LDA 
7.5 23 Close FPs, distance 4.7 A between constituents, GGA 
Germanium 
4.9 24 Close FPs, distance 4.9 A between constituents, LDA 
4.2 24 Close FPs, distance 4.9 A between constituents, GGA-1 
4.2 24 Close FPs, distance 4.9 A between constituents, GGA-2 
 
 
2.2 Contribution of defects to the Luke – Neganov effect 
The energy in the electronic system  E  is used in the creation of electron-hole pairs, their number 
being the ratio between  E and the energy ε necessary for the creation of a pair: 
  
   E L E E
n E

 
           (1)  
where L(E) is a factor defined as:     /L E E E , i.e. the fraction of the energy of the recoil 
transferred to the target as ionization.  E and ε respectively could be decomposed into two parts. 
Reasoning for an electron-hole pair, the first part is related to the production of the pair itself, and 
corresponds approximately to the semiconductor gap; it is transformed into heat at the electrode during 
charge collection, by phonon emission. The second is related to the emission of phonons accompanying 
the production of the electron-hole pair. 
The analysis which follows is an extension of the formalism developed in Refs. [25, 26], but which keeps 
into account also defect formation. In cryogenic detectors, an event is identified using two signatures. 
The first is the ionization signal, corresponding to the collection at electrodes of the electron-hole pairs 
created by the energy loss process. The second is the heat (or phonon) signal, recorded by a thermal 
sensor in contact with the crystalline semiconductor (Ge or Si). The simultaneous measurement of the 
two signals is an efficient method to discriminate against the background of electron recoils. In the case 
of electron recoils, all the energy of the recoil is used in the creation of electron-hole pairs, i.e. the 
corresponding L(E) factor equals unity. 
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Considering the procedure used in Ref. [25], the amplitude of the ionization signal is proportional to the 
number of electron hole pairs. For electron (gamma) and nuclear recoils, denoted with subscripts ‘γ’ and 
‘n’ respectively, this reads as: 
 
 
,I
E E
A n 

 
            (2) 
 
   
,I n n
E L E E
A n

 
            (3) 
The amplitude of the signal AI is usually calibrated using gamma-ray sources to provide EI, the energy in 
units of keVee, so that: 
  ,I nE L E E           (4) 
Considering also the Luke-Neganov effect [27 – 29] in an applied bias V, the amplitude of the heat signal 
is due both to the energy transferred to the lattice, in the form of phonons, by the recoil, and to the 
energy extracted from the electric field by Joule heating during the drift of collected electrons and holes. 
For electron recoils: 
 , 1H
eV
A E n eV E 

 
    
 
        (5) 
The amplitude AH is usually calibrated using gamma-ray sources to provide EH, the energy in units of 
keVee,   
 ,HE E  .           (6) 
For nuclear recoils, the energy in the electronic system  E  is transformed in heat. Also, the part of 
the energy transferred to the lattice and which is not stored into defects,   DE E  , is found as heat. 
To these two components, one must also add the energy furnished by the applied electric field, so that 
the amplitude of the heat signal is: 
    
 
 , 1H n D n D D
L E E eV
A E E E n eV E E eV L E E E 
 
 
          
 
  (7) 
Keeping into account the equations (4) and (5), the heat signal is: 
  ,
1
1
1
H n D
eV
E L E E E
eV 

  
    
  
       (8) 
Using the ionization measurement in the form of eq. (4), one obtains for the energy of the recoil: 
 1 1H I D
eV eV eV
E E E E
  
   
       
   
       (9) 
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We would like to underline that ED depends on IE E , so that (9) is an implicit formula for E. As 
specified before, this formula is an extension of eq. (6) from Ref. [25], where the energy stored in 
defects is considered in the energy balance. The energy stored in FPs (ED) is the product between the 
number of defects, and the energy of formation of a FP. If only the heat signal is measured, then the 
energy of the recoil is to be obtained by solving for it eq. (8), using, for example, a parameterization for 
the Lindhard partition factor [9, 30, 31, 32, 33].  
 
 
 
3. Physical processes related to WIMPs direct detection 
The nature and characteristics of DM is a question of central importance in cosmology, astrophysics and 
astroparticles. The list of candidates and the possible signatures of DM have greatly expanded due to 
recent experimental results and observations [34, 35]. A summary of dark matter particle candidates, 
their properties, and the potential methods for their detection was recently given in Refs. [36, 37]. 
WIMPs are the most studied from all DM candidates, are found in many particle physics theories, have 
naturally the correct relic density, and could be detected in many ways. For the candidates for WIMPs 
weak interaction is dominant, they have tree-level interactions with the W and Z gauge bosons as well 
as with the gravitational one. No interactions mediated by gluons or photons are permitted. 
Consequently, they may be directly detected when they scatter off nuclei in terrestrial detectors [38, 
39]. 
WIMPs in dark matter halo move in respect to a terrestrial target with a velocity in the range 230 – 260 
km/s. Its motion is composed from the galactic motion, the Sun mean motion relative to nearby stars 
and the Earth's orbital motion relative to the Sun [40]. The value of 260 km/s will be used in this paper 
as the average velocity of DM particles in respect to the detector. 
In the SUSY models, masses for WIMPs are in the range around of the Weak scale (100 GeV), but light 
neutralinos with masses in the keV to GeV range [41] remain an interesting possibility, theoretically 
motivated if DM does not couple strongly to the visible sector. Many existing models can accommodate 
light DM; see for example Refs. [41 – 44] and references cited therein. In this paper, we consider WIMP 
masses in the range 5 – 100 GeV.  
For nonrelativistic WIMPs particles with an arbitrary spin, in the approximation of Fermi's Golden Rule, 
the formula for the cross section contains spin-independent (mostly scalar) and spin-dependent (mostly 
axial vector) terms [35]. Details for coherence /decoherence conditions for cross sections as well as the 
details for spin independence/dependence of the cross sections are discussed in details in the cited 
paper.  
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4. Results and discussion 
In the discussion which follows, a WIMP with mass in the range 5 -100 GeV, having a velocity of 260 
km/s in respect to a terrestrial detector is considered. It has a single interaction in a Ge or Si cryogenic 
detector. 
For silicon, the first result of the energy partition between ionization and other processes using the 
complete Lindhard theory was obtained by Lindhard and later published in the paper of Simon [45]. 
Analytical approximations of the Lindhard equations both for silicon and germanium are reported by 
Lazanu and Lazanu [31]. Robinson [30], starting from Lindhard’s asymptotic equations, gave the 
parameters of the partition factor between ionization and atomic collisions. Akkerman and Barak [46] 
claim that previous calculations overestimate the electronic losses at low energies, below 100 keV, and 
provide a correction to the partition factor in silicon, which consists in new parameters for the same 
form of the partition factor as the one suggested by Lindhard and used by Robinson.  
The results for the dependence of the energy imparted to the atomic system of Si as a function of 
recoil’s energy are represented in Figure 1. In the range of energies of interest, of tens of keV, a good 
agreement between all calculations reported in the literature can be seen. 
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Fig. 1: Lindhard curves for Si 
 
 
For germanium, in the calculation of the partition factor, we used Robinson’s  [30] formula, together 
with the results reported by Lazanu and Lazanu [31], and the parameters provided by Akkerman and 
Barack [46] for Si.  
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Fig. 2: Lindhard curves for Ge 
 
 
Armengaud et al. [33] uses a power law dependence for the nuclear recoil ionization fraction versus 
recoil energy, using the idea of quenching factor, result that does not agree with Lindhard’s theory in 
this case. In Fig. 2 we present comparatively all the results for the partition factor for germanium. Scopel 
[47] underlines the discrepancies between this method of determination of energy partition and 
Lindhard theory results for germanium. A very useful review of experimental data for the ionization 
efficiency (calculated from the quenching factor) is presented in Ref. [48], together with a comparison of 
the data with the results of different proposed models, including also Lindhard’s theory for different 
values of the k factor (see Ref. [9] for the definition of this factor). The data points measured in different 
experiments do not entirely agree, and are affected by large systematic errors [48, 49, 50]. More, 
although the experimental data points are in a reasonable agreement with the models, the general 
dependencies of experimental data and models as a function of the recoil energy are different - see Fig. 
7 of Ref. [48]. 
The discrepancies between the measured data and theory, pointed out also for LXe [51] and Si [52] 
could be due to more aspects which must be further analyzed: a) For recoil energies lower than tens of 
keV the accuracy of the calculated partition factor decreases, due to the fact that probably both the 
nuclear and the electronic stopping powers are not adequately described in Lindhard’s theory for slow 
recoils. In what regards the nuclear stopping power, the problem is related mainly to the screened 
interatomic potential [53]. The difficulties in the modeling of the electronic stopping power for slow 
recoils were reviewed by Sigmund in Ref. [54]. b) The state of ionization of the recoil (effective charge) is 
dependent on the relation between its velocity and the Bohr velocity of the electrons. c) All calculations 
in the frame of Lindhard’s theory are based on the hypothesis of amorphous targets. In crystals, the 
threshold energy for displacements has different values, as a function of the direction in respect to the 
lattice orientation.  
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The average number of displacements (vacancy – interstitial pairs) produced by a recoil of energy E 
could be estimated based on the Kinchin and Pease damage function [55], which is directly related to 
the energy of the recoil. The modified Kinchin-Pease function [56, 57] is based on the energy imparted 
to the atomic system, calculated in its turn using Lindhard’s partition factor. The results are presented in 
Figures 3 and 4 for Si and Ge respectively. The double axis permits a simultaneous reading of the 
number of defects produced and of the energy deposited in these defects. The lowest values for the 
formation energy of FPs were considered, in order to calculate a minimum value for the energy stored in 
these defects. For Si, we utilised the value 4.29 eV in intrinsic material, as the average between the LCA 
and GGA calculations. For Ge, the value of 4.5 eV was used (see Table 1). In these estimations, as a first 
approximation, we neglect replacement collisions, when distant Frenkel pairs could be produced (for 
this case the formation energy in intrinsic silicon being 7.39 eV – see Table 1). 
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Fig. 3: Number of FPs (left) and energy stored in them (right) produced by a selfrecoil in Si, versus recoil’s energy  
 
 
In Figures 3 and 4, the energies allowed for the recoil produced by a WIMP with the characteristics 
specified before are evidenced, while the area corresponding to higher recoil energies are hatched.  
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Fig. 4: Number of FPs (left) and energy stored in them (right) produced by a selfrecoil in Ge, versus recoil’s energy 
 
 
Figures 5 and 6 illustrate the dependence of the energy stored in FPs as a function of the mass of the 
WIMP and the centre of mass (CM) scattering angle, for a hypothetical WIMP moving in respect to the 
detector with a velocity of 260 km/s, and which interacts only once in the detector. Both for Si and Ge, 
Robinson’s (1994) partition factor was used.  
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Fig. 5: Dependence of the energy stored in the defects produced in Si by a WIMP interaction as a function of 
WIMP’s mass and of the CM scattering angle  
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Fig. 6: Dependence of the energy stored in the defects produced in Ge by a WIMP interaction as a function of 
WIMP’s mass and of the CM scattering angle 
 
 
The maximum energy stored in the defects produced by the interaction of a WIMP in the mass range 
considered with Si and Ge at cryogenic temperatures is around 1.27 and 2.3 keV respectively.  
In accordance with Luke – Neganov prescriptions, the energy stored in defects, in an applied bias has a 
contribution multiplied by the factor 1
eV

 
 
 
. 
For practical situations, particles from the radioactive background (muons, neutrons, etc.) or from 
products of reactions induced in the material of detectors could represent supplementary sources of 
defects. The partition of the energy of a selfrecoil, discussed in this work, must then be supplemented 
by the partition of energies of those particles (with lower mass and charge number than the target) [58, 
59], evaluating this way a supplementary energy stored in defects. 
 
 
Summary 
The possibility of defect formation in bolometric semiconductor detectors at cryogenic temperatures 
was studied, with application to WIMPs direct searches. 
The models for the partition factor between the energy transferred by the primary recoil to the atomic 
and electronic systems of Si and Ge were reviewed, starting from Lindhard’s theory. Part of the energy 
transferred to the atomic system is stored in defects. At sub-Kelvin temperatures the defects are Frenkel 
pairs and they do not anneal out. 
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Considering the energy stored in defects, the Luke–Neganov formula was extended. The energy 
deposited in stable defects by the recoils produced in the elastic interactions of WIMPs with target 
atoms in both silicon and germanium was estimated. Its value is up to 1.27 keV for silicon and up to 
about 2.3 keV for germanium respectively, for WIMPs of mass 5-100 GeV/c2, moving with a velocity of 
260 km/s in respect to the detector. 
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